








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































overcome in order to perform a unilateral action.  
A neurophysiological correlate of this view is seen in the phenomenon of 
motor irradiation, which refers to an increase in excitability of the homologous 
motor pathway during the performance of a unimanual movement. Such 
excitability does not often produce an overt movement and may only be 
detectable with electromyography (EMG). The cortical contribution to such 
facilitation has been confirmed by neuroimaging studies that correlate EMG 
activity to increased activity in the ipsilateral M1.3‐5  


















































hemispheres. Given the facilitation of M1 activity observed in unimanual 
movements, it was hypothesized that bilateral movements may modulate M1 
excitability, a mechanism that may underlie the success of bilateral-structured 
rehabilitation programs. Additionally, the role of transcallosal M1 
communication in such a system presumes that muscles with a greater degree of 
connectivity between homologous regions of M1 will have an increased 
susceptibility to cross-facilitation via these fibres during bilateral movements. 
Thus, it was expected that movement involving more proximal muscles would 
result in a larger degree of cross-facilitation due to their larger numbers of direct 
interhemispheric connections. Lastly, it was hypothesized that a greater degree 
of M1 facilitation would be seen during in-phase movements as compared to 
anti-phase, based on previous literature indicating that cross-facilitation is 










criteria were any contraindications for magnetic resonance imaging (MRI), or the 
presence of any neurological diseases.  All subjects gave their informed consent 
to participate in the study and the experimental procedures were approved by 
the Sunnybrook Health Sciences Centre Ethics Review Board and by the Office of 
Research Ethics at the University of Waterloo. 
 





























Functional and anatomical imaging was performed at Sunnybrook Health 
Sciences Centre on a 3T whole body GE MRI scanner. Each participant 
underwent a high-resolution 3D anatomical scan (acquired axially, FOV=20, 124 






































































































































































































































































































































































































































































































































GRIP STRENGTH (KG) 
HANDEDNESS 
Affected  Unaffected  
1 51 M R C/SC 
BA1-4, 6, 9, 11, 22, 
34, 43-45, 47 70033 4 29 43 R 
2 59 M R C/SC 
BA11, 25, 34, 38, 47, 
basal ganglia 14389 1 0 22.6 R 
3 66 M R n/a n/a n/a 6 27.3 49.8 R 
4 67 M R C/SC 
BA4, 6, basal ganglia, 
thalamus 2440 3 22.5 46.5 R 
5 58 M R SC Thalamus 390 3 11 26.5 R 
6 37 F L C/SC BA6, 8, 9, 32, 44-47 24549 N/A 25 24 R 
7 99 M L C/SC 
BA1-4, 6, 7, 40, 43, 
basal ganglia, 
thalamus 20130 5 42 37 
R 
8 64 F L SC Basal ganglia 1301 5 18 23 R 
9 78 M L C/SC 
BA3, 4, 6, 18, 19, 44, 
basal ganglia 5655 4 16.5 41 R 






































































































































































































































and in fact is associated with a release of inhibition.49, 53, 98, 108 A reduction in IHI 
has a direct role in allowing motor commands to be executed in the affected 
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hemisphere, and may also serve to make the brain more responsive to plastic 
changes resulting from structured rehabilitation.  
   While preliminary, right‐hemisphere patients appear to be more 
responsive to modulation resulting from bilateral movements. However, a 
potential confound exists in using only right‐handed patients. Several studies 
have reported a hemispheric asymmetry during the performance of bimanual 
tasks, with the dominant hemisphere exerting a stronger influence over 
bimanual control.39, 102, 103 Accordingly, it is possible that some of the observed 
facilitation may be attributed to an increased involvement of the dominant, intact 
hemisphere during bimanual movements. However, further research is needed 
to explore this issue. In addition, in the context of stroke, numerous sources of 
variability must be taken into account, including the effect of lesion location and 
volume. Furthermore, factors such as age, severity, and integrity of existing 
corticospinal tracts will likely influence the response to bimanual movements. 
In conclusion, these results demonstrate that, for a subset of stroke 
patients, bilateral movements may have beneficial effects on motor cortical 
excitability in the affected hemisphere. It is clear that not all patients will benefit 
from such an approach; thus, a patient‐specific approach to treatment is 
recommended. However, given the changes observed in the current study, 
bilateral training can be considered a suitable and indeed a beneficial approach 
to motor rehabilitation following stroke. 
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Chapter 5:  General discussion 
The overall aim of this work was to establish a link between the neural 
correlates of bimanual movement and the potential for neuroplasticity following 
stroke. Taken together, the findings presented indicate that the modulation of 
corticomotor excitability may provide a substrate for behavioural changes 
resulting from bilateral training.  
  The pathology of stroke necessitates a further understanding of the 
compensatory processes that are activated following injury. While the 
underlying mechanisms are not completely understood, it is generally believed 
that recovery is related to functional reorganization. Thus, an important goal of 
motor rehabilitation programs is to maximize opportunities for plasticity. The 
results of the brief communication indicate that the removal of transcallosal 
inhibition may be an important feature of bilateral movements.  While such 
disinhibition has a direct role in allowing motor commands to be executed in the 
affected hemisphere, an indirect advantage is the induction of plastic changes via 
rehabilitation. As  plasticity‐dependent  changes  in  primary sensorimotor 
 cortex  likely  underlie  improvements  following  rehabilitation,65  it  is  crucial 
 to  release  excessive  inhibitory  influences  on  the  affected  hemisphere  to 
 allow  cortical  reorganization  and  motor learning  to  occur.  Disinhibition has 
been identified as an important mechanism underlying motor recovery,47, 49, 57  
and may induce reorganization in both the affected and intact hemispheres.57 It 
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has been suggested that the disinhibition that accompanies bilateral movement 
may allow the unaffected hemisphere to communicate a template for movement 
to the affected hemisphere.49 Bilateral training has been associated with 
reorganization in contralesional networks, which may promote the recruitment 
of intact brain regions as part of a compensatory strategy.57 However, bilateral 
training has also been associated with cortical reorganization that shifts toward a 
rebalancing of hemispheric activation patterns.47 Stinear and Byblow47 report that 
following 4 weeks of bimanual therapy, more than half of patients showed a 
decrease in the size of excitable motor maps as measured with TMS in the 
unaffected hemisphere, a change that was correlated with improved 
performance. Similarly, Summers et al.50  report a similar decrease in motor 
representation in the intact hemisphere in bilaterally trained patients showing 
improved motor function.   
The seminal work by Nudo et al.86 demonstrated the ability of the motor 
cortex to adapt following injury. However, it is clear that not all patients will 
respond identically to the same intervention. A further benefit of bilateral 
training, through the release of inhibitory influences on the affected hemisphere, 
may be to essentially “prime” the brain for rehabilitation, making patients more 
responsive to training interventions.  Thus, in patients with a large imbalance in 
interhemispheric inhibition, bilateral movements can serve as a precursor to 
more targeted training programs.  
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Limitations and future directions 
Both of the studies presented used functional magnetic resonance imaging 
(fMRI) as a neuroimaging technique. While fMRI generally provides excellent 
spatial resolution, there is also significant smoothing of activated regions across a 
particular time series. Thus, the inability to distinguish changes in the activity of 
specific muscle representations remains a weakness of fMRI.  Furthermore, the 
relatively poor temporal resolution of fMRI (2000 msec), makes it difficult to 
determine the sequence of activation within the bilateral network; specifically, 
whether SMA activity drives M1 activation, or whether they are simultaneously 
activated. Similarly, the timing onsets of ipsilateral and contralateral M1 
activation could not be distinguished. Future studies using techniques such as 
positron emission tomography (PET) or electroencephalography (EEG) may be 
able to shed some light on these issues. A further limitation is that due to the risk 
of head motion, participants did not perform movements recruiting the most 
proximal arm and shoulder muscles, which would have provided a stronger 
contrast to the movement of distal finger muscles. 
One of the major considerations in a study involving  relatively few stroke 
patients is the many confounds present in such a heterogeneous population. 
Numerous sources of sources of variability, including lesion location and 
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volume, handedness, age, motor impairment, and the integrity of existing 
corticospinal tracts make the interpretation of training responses difficult.  
In addition, when attempting to identify the ideal parameters for a motor 
rehabilitation program, it is important to note that factors such as the movement 
task, duration, frequency, and intensity can all affect the outcome.  Another 
question surrounding the use of bilateral training is whether such treatments are 
best suited for acute, sub‐acute, or chronic stroke patients.  There may be 
fundamental differences in the response to training depending on the phase of 
recovery. For example, increased involvement of the ipsilateral, unaffected 
hemisphere is generally considered to be a beneficial compensatory mechanism 
immediately following a stroke,6, 72, 77 but in later stages, persistent recruitment of 
intact motor areas is correlated with poor motor recovery.72  
Given the variety of factors that can influence the response to training, it is 
important to be able to identify which patients will benefit from bilateral 
training. The ultimate aim of such an endeavour will be the development of 
patient‐specific treatments to ensure that each individual receives rehabilitation 
that will result in the best chance for motor recovery.  
In addition to establishing criteria for the use of bilateral training, the link 
between behavioural changes and the underlying neurophysiology has yet to be 
made. The current study takes the first step by showing a plausible link between 
changes in motor behaviour and changes in motor cortical excitability that occur 
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as a response to bilateral training. However, whether such M1 modulation has 
any direct effect on movement generation, or can improve factors such as 
strength, movement quality, flexibility, or range of motion has yet to be 
determined.  
 
5.1 Conclusions 
Overall, the results of this thesis provide evidence that motor cortical 
excitability can be modulated by bilateral upper limb movement, in both the 
healthy and stroke patient populations. These findings elucidate the possible 
mechanisms underlying such modulation, and provide a rationale for continued 
investigation into the beneficial effects of bilateral training as a potential 
therapeutic intervention.  
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